The objective of this study was to investigate the effect of cooking and in vitro digestion on antioxidant activity of peptides in duck meat after 7 days postmortem aging. The 1, 1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity and reducing power of the obtained peptides were evaluated. Results showed that the cooked sample possessed higher antioxidant activity than the raw sample and upon cooking at different temperatures, sample aged for 7 days had significantly higher antioxidant activity than that of unaged (day 0). The samples which showed higher antioxidant activity after cooking (65°C-30 min, 100°C-20 min, 121°C-10 min) were selected for in vitro digestion, and it is found that their DPPH radical scavenging activity decreased significantly but the reducing power increased significantly after gastrointestinal digestion. These results show the potential of aged duck meat as a good source of antioxidant peptides with high bioactivity after cooking and gastrointestinal digestion.
Introduction
Traditionally, food proteins have been recognized for their nutritional and functional properties. In recent years, consumer attention has been increasingly oriented toward the potential of food to provide physiological effect in the body, beyond that of nutrition. [1] Peptides derived from food have been shown to display a wide range of physiological functions, such as antioxidative, antithrombotic, antihypertensive, antimicrobial, prebiotic, hypocholesterolemic, and immunomodulatory activities. [2, 3] These peptides are characterized with short sequences of approximately 2-30 amino acids residues in length and a low molecular weight, and, once released, they can be absorbed through the intestine to enter the blood circulation or can produce a local effect within the gastrointestinal tract. [2] Oxidative stress in the body is closely related to human degenerative diseases including Parkinson, atherosclerosis, emphysema, diabetes, and aging [4] ; it is the consequence of an imbalance between free radicals and biological antioxidants in the body. [5, 6] Thus, interest has been emerging to investigate the use of bioactive peptides as antioxidative agents not only as natural alternatives to synthetic antioxidants, but for their beneficial effects in terms of stable structures with higher activity and absorptivity and nonresidual side effects in food systems. [7, 8] The integrity and activity of proteins experience changes during postmortem aging as a result of proteolytic degradation. [2] A large number of peptides and free amino acid are released due to severe degradation of polypeptide fragments induced by peptidyl peptidases and aminopeptidases. [9] Recent studies showed that postmortem aging not only contributes to meat tenderness but also generates peptides with biological function, such as antioxidant and antihypertensive activities. [10] [11] [12] Meat is always cooked before consumption, and the thermal treatments are critical in the development of oxidation and denaturation processes because they can affect the structural properties and physical-chemical state of proteins and peptides. [10, 13] In addition, the bioactive activities of peptides, which are encrypted and inactive within the sequence of meat proteins, might have a positive impact on the body once released during in vitro digestion. [3, 14] Up to date, a large number of studies have been conducted to investigate the antioxidative properties of natural peptides from different food proteins [5, 15, 16] , but few studies focus on the peptides generated from meat products during postmortem aging. Our group has recently discovered that proteolytic degradation by endogenous enzymes can release antioxidant peptides in duck meat [11] , and there is still a lack of information related to the effect of different cooking treatments on the bioactivity of these antioxidant peptides. Therefore, the main objective of this study was to evaluate and compare the effect of different cooking treatments and simulated gastrointestinal digestion on the antioxidant activity of the peptides from duck meat after postmortem aging.
Materials and methods

Materials
Forty-day-old duck (Anas platyrhychos) were provided by Suqian Baishun Agricultural Science and Technology Co. Ltd. in Jiangsu, China. Pepsin (400 U/mg protein), trypsin (285 U/mg protein), 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical, and 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ), were obtained from Sigma-Aldrich (MO, USA). All other chemicals used were of analytical grade.
Sample preparation and heating procedure
Duck were slaughtered and breast muscles were rapidly removed. One part of the sample was frozen in liquid nitrogen and stored at −80°C (0-day samples), whereas the other part was kept for 7 days at 4°C before being frozen in liquid nitrogen and stored at −80°C until sample preparation and analysis (7-day samples). Three cooking conditions, 65°C, 100°C, and 121°C, were applied for cooking which were chosen to represent low, medium, and high sterilization temperature, respectively. The duck breast thawed at 4°C and incubated at various temperatures (65°C and 100°C) for different times (0,10,20, and 30 min) in thermostat bath. In addition, the remainder of samples were put into an autoclave (HVE-50 type, Hirayama Corporation) at 121°C for 0, 10,20, and 30 min. And then, all solutions were rapidly cooled to room temperature on ice and stored at −20°C prior to analysis.
Peptide extraction
The extraction was performed according to Bauchart et al. [17] with slight modification. Frozen duck meat samples (20 g ) were homogenized in 100 mL of 3% perchloric acid (PCA) using an UltraTurrax homogenized for three times (20 s each at 10,000 rpm with cooling in ice). The homogenate was centrifuged (Allegra 64R centrifuge, Beckman Coulter, USA) at 10,000 g for 20 min at 4°C, and the supernatant was collected and filtered using a cellulose acetate filter of 0.22 μm pore size. The extracts were neutralized to pH 7 using sodium hydroxide. The salt precipitate was eliminated by filtering twice using the cellulose acetate filter. The supernatant was submitted to an ultrafiltration with a 5 kDa cutoff (Vivaspin15, VIVASCIENCE, Hanover, Germany) at 4000 g for 1 h at 4°C. Subsequently, the sample was lyophilized and stored at −20°C prior to analysis.
Antioxidant activity measurements
DPPH radical scavenging activity
The DPPH radical scavenging activity was determined with a modified procedure from the research of Xing et al. [18] The sample group was obtained by mixing 1 mL of sample with 1 mL of 0.2 mmol/L DPPH (dissolved in ethanol), the control group was 1 mL of ethanol mixed with 1 mL of 0.2 mmol/L DPPH, and the blank group consisted of 1 mL of sample and 1 mL of ethanol. The mixture was shaken and incubated for 30 min at room temperature protected from light. Then, the absorbance was measured at 517 nm using a multifunctional microplate reader (model Spectral Max M2e, Molecular Devices, USA). The following equation was used to calculate the scavenging activity:
where A sample , A blank , and A control represent the absorbance of the sample, the blank, and the control groups, respectively.
Ferric reducing antioxidant power (FRAP) assay
The FRAP assay was conducted according to Benzie and Strain [19] with some modifications. The FRAP solution was prepared by mixing 0.3 M acetate buffer (pH 3.6), 20 mM ferric trichloride hexahydrate (FeCl 3 6H 2 O), and 10 mM TPTZ at a ratio of 10:1:1 (v/v/v). The resulting solution was mixed and incubated at 37°C for 60 min. Subsequently, test samples (20 μL) were mixed with 150 μL FRAP working solution and the mixture was shaken and incubated for 4 min. Then, the absorbance was measured at 593 nm. The change in absorbance was compared to that of a standard that was run simultaneously. Standard of known FeSO 4 7H 2 O ran in triplicate at varying concentration in the range of 25-1000 μM. A standard curve was constructed, and the FRAP values for the samples were then determined using this standard curve and expressed as micromole Fe (II) equivalent per g sample.
In vitro simulated gastrointestinal digestion
Crude peptides were extracted from the heated (65°C for 30 min, 100°C for 20 min and 121°C for 10 min) meat samples after 7 days postmortem aging, which were then lyophilized and digested by pepsintrypsin. In vitro gastrointestinal digestion of antioxidant peptides was performed by the method of You et al. [20] with a slight modification. The pH of crude peptide solutions (1 mg/mL) was first adjusted to 2.0 with 4 M HCl. Then, pepsin was added to a level of 4% in comparison of the protein content and the mixture was incubated at 37°C for 2 h. After that, the pH was adjusted to 5.3 with 0.9 M NaHCO 3 solution and subsequently to pH 7.0 with 4 M NaOH. To terminate the digestion, the tubes were placed in boiling water for 10 min. The solution was divided into two parts. One was lyophilized and the other was readded to trypsin at the same proportion. After 2 h incubation at 37°C, the mixture was kept in boiling water for 10 min. Then, the samples were cooled to room temperature and centrifuged at 10,000 g for 15 min. The obtained supernatant was submitted to an ultrafiltration with a 5 kDa cutoff (Vivaspin15, VIVASCIENCE, Hanover, Germany) at 4000 g for 1 h at 4°C. Finally, the filtrated sample was lyophilized and stored at −20°C prior to analysis.
Statistical analysis
All the experiments were repeated in triplicate. Data were evaluated using SAS 9.3 software. Duncan's multiple range tests in one-way analysis of variance (ANOVA) were employed to determine any significant difference between treatments.
Results and discussion
Effect of cooking treatment on the antioxidant activities
Most natural antioxidant or newly formed antioxidants upon processing are multifunctional, and in complex heterogeneous foods such as meat and meat products, their activity cannot be evaluated by a single method. [21] Two or more radical scavenging capacity assays are required to investigate samples since each assay involves different chemical mechanisms and may reflect a different aspect of their antioxidant properties. [22] Here two methods were used to assess in vitro antioxidant activity of peptides from duck meat. DPPH is a stable free radical that shows maximum absorbance at 517 nm. When DPPH radicals encounter proton-donating substrates such as antioxidants to become a stable diamagnetic molecular, the radicals are scavenged and the absorbance is reduced. [23] While the FRAP assay utilizes the reducing potential of antioxidant compounds to react with a ferrictripyridyltriazine (Fe 3+ -TPTZ) complex, producing a blue color ferrous (Fe 2+ -TPTZ) that can be monitored by measuring the change in absorption at 593 nm. [19] The influence of thermal treatment on the antioxidant activity of peptides from duck meat was measured using the DPPH radical scavenging and FRAP represented by Figures 1 and 2 , respectively. Similar changing trend was obtained for DPPH radical scavenging or FRAP studied. The changing trend of antioxidant activity at 0 days postmortem was similar to the samples at 7 days postmortem aging ( Figure 1a,b, Figure 2a,b) . Within the tested temperature, the antioxidant activity of samples cooked at 65°C gradually increased and reached a maximum at 30 min (P < .05). Similarly, small peptides (<3 kDa) derived from longissimus thoracis (LT) and semitendinosus (ST) samples of beef at different aging days cooked at 65°C exhibited increasing antioxidant activity as cooking time prolonged. [12] Although the caplpains of meat sample become rapidly inactivated at 55°C [24] , the author explained that the remaining endogenous peptidases such as cathepsins, collagenase, and metalloproteinase in cooked samples may still catalyze the proteolysis in beef during cooking, resulting in higher abundance of small peptides. [15] To some extent, some endogenous peptidases in duck meat might induce the increased antioxidant activity of sample cooked at 65°C, as duck meat is quite different from beef, and further study is needed to confirm this and verify specific peptidase. Moreover, it is not guaranteed that higher concentration of the smaller peptides always induces impaired bioactivities as there may be certain antagonistic effects within a mixture of bioactive peptides. [25, 26] Similar to the sample cooked at 65°C, the antioxidant activity of the sample cooked at 100°C increased with the progress of cooking time. However, there was no pronounced change (P > .05) in DPPH radical scavenging activity for the sample cooked at 100°C during 20-30 min. Similarly, the peptides derived from ham by-products cooked at 100°C increased the antioxidant activity as cooking time prolonged. [10] In the present study, samples subjected to cooking (100°C) showed higher antioxidant activity than uncooked samples according to the results of all two methods evaluated. This fact suggests that there has been no reduction, but rather an increase of potentially bioactive peptides after cooking; this is probably due to the generation of novel antioxidant peptides with satisfactory heat stability. On the other hand, small peptides (< 5000 Da) do not have the tertiary and quaternary structure, but they still can form secondary structures, which are the key factors affecting the antioxidant activity of peptides. [27] Thermal treatments can alter the tertiary and quaternary structure of proteins, resulting in modifications of their physical properties. [28, 29] Unfolding of the peptides can increase their antioxidant activity by increasing the solvent exposure of antioxidant amino acids that would normally be located in the core of the native peptide structure. [30] Therefore, the heat treatments used here might increase the antioxidant activity of some peptides through changing their secondary structure.
Regarding the sample cooked at 121°C, the antioxidant activity increased at the beginning of the cooking (during 0-10 min). The antioxidant activity started to decrease during 10-20 min, but at the longest heating time, a further increase of antioxidant activity is seen. The trend of antioxidant activity of peptides in the early stage of heating can be explained by the reason that, in the initial period, the consumption of antioxidant substances is less markedly compared to the exposure of "hidden" antioxidant amino acids due to protein denaturation. Moreover, some antioxidant compounds such as glutathione(GSH) can be released as a consequence of cell membrane destruction, thus being more reactive toward the radical probes. Prolongation of the heating process reduced the antioxidant activity of small peptides from duck meat. This might be due to the accumulation of oxidized proteins and the loss in functionality of active meat peptides. Moreover, degradation of endogenous antioxidative factors such as vitamin E, vitamin C, ubiquinols, polyphenols, and cellular thiols could be promoted by heating. [22] In the last stage of the heating process, the antioxidant activity of peptides from duck meat showed a marked increase in both assays. This may be related to Maillard reactions between reducing sugars and free amino acids or free amino groups in proteins. [22, 31] Since the Maillard reaction is favored at low water activity, a significant increase in the Maillard reaction products(MRPs) concentration could be achieved at the end of the cooking. Figures 1c and 2c shows that the effect of aging time on the antioxidant activity of small peptides from duck meat after different temperatures cooked for 30 min. Aging time and cooking can influence the generation of peptides and their related antioxidant activity. All the peptides derived from raw and cooked samples show that the sample at 7 days postmortem possessed higher antioxidant activity than sample of day 0. Similar results were also reported for beef meat during postmortem aging and cooked at 65°C. [12] .
Effect of aging time on the antioxidant activities
The bioactivity of the extracted peptides derived from the raw and cooked samples was evaluated based on the normalized protein concentration (1 mg/mL). Therefore, changes in bioactivity with aging time and cooking are ascribed to certain active peptides generated in the different phases of aged or cooked duck meat. Postmortem proteolysis is a dynamic and variable procedure where endopeptidases exert their cleavages randomly to produce a complex mixture of peptides, [32] which might be responsible for the aged samples having higher antioxidant activity than hot fresh meat (the sample of day 0).
Effect of simulated gastrointestinal digestion on the antioxidant activities
DPPH radical scavenging of simulated gastrointestinal digestion
The sample at 7 days postmortem showing higher antioxidant activity after cooking (65°C-30 min, 100°C-20 min, 121°C-10 min) were selected for in vitro digestion. As shown in Figure 3a , the sample cooked at 65°C exhibited highest DPPH·scavenging activity, reaching 73.51 ± 1.57%. The DPPH·scavenging activity of different heat treatment was similar during in vitro digestion. After 2 h of digestion with pepsin, the scavenging activity of samples was significantly increased (except 121°C -10 min which was not significant). However, further digestion with trypsin resulted in a sharp decrease in DPPH·scavenging activity (P < .05). Among the heat treatment samples, the highest DPPH·scavenging activity after in vitro digestion was in sample cooked at 65°C for 30 min (43.20 ± 1.60%), whereas the lowest level (33.22 ± 1.69%) after in vitro digestion was obtained from that sample cooked at 121°C for 10 min.
Oxidation and aggregation of proteins can lead to an increase of surface hydrophobicity that modified the rate of digestion by gastrointestinal enzymes depending on the nature of protease, temperature and time of cooking. [10, 33] Recent studies showed that the temperature of cooking affects the digestion rate of proteins more than digestibility, and conformational changes due to protein denaturation favored the bioaccessibility of the digestive proteases to their cleavage sites. [10, 34] In the present study, we found that the DPPH radical scavenging activity increased with pepsin treatment but then significantly decreased following trypsin digestion. During the pepsin digestion, more hydrophobic amino residue side chain groups were expected to be exposed because the peptides were completely hydrolyzed, which would make the peptides more accessible to the DPPH radicals and stabilized toward the DPPH radicals. [35, 36] However, further digestion with trypsin resulted in a sharp decrease in DPPH radical scavenging activity. That is because, during the trypsin digestion, the peptides were intensively hydrolyzed, which could lead to high accumulation of shorter peptides and free amino acids, thus making the digestion sample to be more hydrophilic. It has been reported that the digestion with increased polarity can prevent the peptides from reacting with lipid-soluble DPPH radicals. [20] Therefore, the DPPH radical scavenging activity was decreased during trpsin treatment.
FRAP of simulated gastrointestinal digestion
To further evaluate the effect of in vitro digestion on antioxidant activity of peptides, the digested samples were tested for reducing power. For the reducing power assay, the presence of antioxidants in the samples tested reduced the Fe 3+ complex to the Fe 2+ form. [37] The FRAP value of different heat treatment was similar during in vitro digestion (Figure 3b) . After 2 h of digestion with pepsin, the FRAP value of samples was significantly increased, and the sample cooked at 65°C exhibited highest reducing power, from the initial 180.70 ± 3.42 to 231.29 ± 2.42. After further incubation with trypsin, the FRAP value of sample significantly increased compared to that of the peptides before digestion (except the samples cooked at 121°C, where this was not significant). Overall, the reducing power of cooked sample was significantly increased after simulated gastrointestinal digestion.
The increase in the reducing power of samples shows that antioxidant peptides can be more effective hydrogen or electron donors after in vitro digestion. With the increase in the degree of hydrolysis, polar or charged moieties were exposed heavily and the peptides could become effective hydrogen or electron donors to reduce Fe 3+ -TPTZ complex. [35, 36] This result is in accordance with that of You et al. [20] , who found that the reducing power of loach protein hydrolysates significantly increased after simulated gastrointestinal digestion.
Overall, it is found that the DPPH radical scavenging activity was significantly decreased, but the reducing power significantly increased after gastrointestinal digestion.
The antioxidant activity of peptides is associated with the sequence, structure molecular weight, as well as the amino acid composition. [2, 18, 38] Previous studies have shown that the presence of hydrophobic amino acids played an important role in scavenging free radicals including Leu、 Ile、Val、Met、Ala、Phe and Trp. [3, 11] Peptides consisted of Glu, Gln and Lys and were identified to have stronger ability to chelate metal ions as well as scavenge radicals. [39, 40] 
Conclusion
In conclusion, the small peptides that are generated by endogenous enzymes in duck meat through postmortem aging after thermal treatment possessed varying degrees of in vitro antioxidant activities. Generally, cooking and postmortem aging increased the antioxidant activity, and within the tested temperature, the aged duck meat cooked at 65°C for 30 min exhibited highest antioxidant activity. In addition, the sample cooked at 100°C for 20 min and 121°C for 10 min possessed higher antioxidant activity compared to other samples at the same temperature. The samples displayed higher antioxidant activity after in vitro digestion, all of which showed pronounced decrease of DPPH radical scavenging activity with significant increase in reducing power. These results could provide a theoretical basis for improving the nutritional and functional value of duck meat when using it as a good source of antioxidant peptides. The next steps will be the characterization of small peptides in cooked duck meat after simulated gastrointestinal digestion.
